Plant viruses encode movement proteins that are essential for infection of the host but are not required for viral replication or encapsidation. Squash leaf curl virus (SqLCV), a bipartite geminivirus with a single-stranded DNA genome, encodes two movement proteins, BR1 and BL1, that have been implicated in separate functions in viral movement. To further elucidate these functions, we have investigated the nucleic acid binding properties and cellular localization of BR1 and BL1. In this study, we showed that BR1 binds strongly to single-stranded nucleic acids, with a higher affinity for single-stranded DNA than RNA, and is localized to the nucleus of SqLCV-infected plant cells. In contrast, BL1 binds only weakly to singlestranded nucleic acids and not at all to double-stranded DNA. The nuclear localization of BR1 and the previously demonstrated plasma membrane localization of BL1 were also observed when these proteins were expressed from baculovirus vectors in Spodoptera frugiperda insect cells. The biochemical properties and cellular locations of BR1 and BL1 suggest a model for SqLCV movement whereby BR1 is involved in the shuttling of the genome in and/or out of the nucleus and BL1 acts at the plasma membranelcell wall to facilitate viral movement across cell boundaries.
INTRODUCTION
Because plant cells are surrounded by cell walls, plant viruses must be more aggressive than animal viruses in their spread from cell to cell. To accomplish this, plant viruses encode movement proteins (MPs) that are essential for infection of the host plant, but not required for viral replication or encapsidation (Atabekov and Dorokhov, 1984; Hull, 1991) . Genetic evidence implicates viral MPs in both local cell-to-cell movement and long-distance transport through the vascular system and argues for viral movement being actively facilitated by these proteins (Hull, 1991; Leisner and Turgeon, 1993) . However, the mechanism of action of viral MPs is yet to be defined. The MPs of RNA viruses, in particular the 30-kD MP of tobacco mosaic virus (TMV), remain the best characterized, and studies of TMV (Citovsky et al., 1990; Ding et al., 1992 ) have suggested a model for MP function that has generally been supported by subsequent studies of other plant viruses which, like TMV, replicate in the cytoplasm (Linstead et al., 1988; Citovsky et al., 1991; Osman et al., 1992; Fujiwara et al., 1993) . According to this model, the TMV MP interacts with the genome and targets it to the plasmodesmata in the walls between adjacent cells, where it acts to facilitate passage of the genome through these cell wall "pores" to neighboring uninfected cells (Wolf et al., 1989; Citovsky et al., 1992a; Ding et al., 1992) . This could To whom correspondence should be addressed. explain local spread of infection by direct cell-to-cell movement. However, the TMV studies have also indicated that the MP is not sufficient for movement into the vascular system for longdistance viral spread, suggesting that additional viral functions are required (Dawson et al., 1988; Saito et al., 1990; Ding et al., 1992) .
Unlike RNA viruses such as TMV that replicate in the cytoplasm, the bipartite geminivirus squash leaf curl virus (SqLcv) is a DNA virus that replicates in the nucleus (Goodman, 1981) . Therefore, for viral spread, transport in and out of the nuclear compartment is required in addition to movement across cell boundaries. Furthermore, unlike most RNA viruses that have one MP, SqLCV encodes two ~3 0 kD MPs, BR1 and BL1 (Lazarowitz, 1992) . This has led us to hypothesize that if MPs must bind the viral genome to facilitate movement, then for SqLCV at least one MP should localize to the nucleus and function to shuttle the viral genome into and out of the nucleus as well as to the periphery of the cell. This potential nuclear localization presents a particular advantage for identifying viral MP-genomic complexes and determining the requirements for such complexes in facilitating viral movement.
Current studies on bipartite geminiviruses do not resolve whether BL1 and BR1 function in concert or separately to facilitate local and long-distance viral movement. Recent studies do suggest that the two SqLCV MPs carry out different functions in viral movement. Biochemical fractionation of infected plant cell extracts localizes BL1 to the plasma membrane and cell wall fractions and BR1 to a separate vesiclecontaining membrane fraction. In addition, expression of these MPs in transgenic tobacco has demonstrated that, in contrast to the normal appearance and growth properties of BR1-expressing transgenic plants, expression of BL1 alone is sufficient to produce all the symptoms of SqLCV infection (Pascal et al., 1993) . Taken together, this evidence suggests that the processes involved in viral movement may be partitioned between the two MPs. We have suggested that BL1 may be involved in direct cell-to-cell movement, and BR1 may function in long-distance movement (Ingham and Lazarowitz, 1993; Pascal et al., 1993) , although other investigators have reached the opposite conclusion (von Arnim et al., 1993) . Another potential model is that BR1 is necessary for the transport of the genome into and out of the nucleus, whereas BL1 directs movement across cell boundaries; a recent study by Noueiry et al. (1994) for bean dwarf mosaic virus (BDMV) purports to support this latter model.
To further elucidate the potential functions of BR1 and BL1, we have begun to investigate their biochemical properties. Because unlike many plant viruses, SqLCV and other bipartite geminiviruses do not require encapsidation for infection (Gardiner et al., 1988; A.A. Sanderfoot and S.G. Lazarowitz, unpublished results) , we propose that either or both of the MPs interact directly with the DNA genome. To address these issues, we have employed several experimental systems to investigate the nucleic acid binding properties and potential nuclear localization of BR1 and BL1. Our results reported here demonstrate that BR1 is a single-stranded DNA binding protein. In addition, we used immunogold cytochemistry to more precisely localize BR1 to the nucleus of infected plant cells.
We further establish that this nuclear localization of BR1, as well as the plasma membrane localization of BL1, are also observed when these MPs are expressed from baculovirus vectors in insect cells, making this expression system a powerful one for the investigation of MP localization and interactions. These findings support our earlier results, suggesting a partitioning of movement functions between the two MPs, and lead us to conclude that BR1 is responsible for nuclear transport of the viral genome, whereas BL1 functions in viral movement between cells.
RESULTS

Nucleic Acid Binding Properties of BR1 and BL1
To investigate the nucleic acid binding properties of the SqLCV MPs, ^S-methionine-labeled BR1 and BL1 proteins were synthesized in an in vitro transcription/translation system and tested for their ability to bind DNA coupled to cellulose. Each protein was incubated with double-stranded DNA (dsDNA)-cellulose, single-stranded DNA(ssDNA)-cellulose, or control uncoupled cellulose resin. Following an initial binding period, the resins were extensively washed with the binding buffer containing 50 mM KCI, and protein was eluted stepwise with binding buffer containing increasing KCI concentrations from 100 mM to 1 M. Fractions collected at each salt step were separated by SDS-PAGE, and proteins were detected by autoradiography. As shown in Figure 1 , BR1 bound to both ssDNA-and dsDNA-cellulose resins, but was not bound to 
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-293 were incubated with uncoupled cellulose resin (control), orssDNA, or dsDNA coupled to cellulose resin. Protein was eluted from each resin by successive washes in buffer containing increasing concentrations of KCI as indicated above each lane. Residual protein was eluted by boiling in SDS sample buffer (SOS lanes). Equivalent amounts of each fraction, including the input and final wash (WASH) fractions, were separated by SDS-PAGE. Gels were impregnated for fluorography, dried, and exposed to x-ray film. LOAD denotes total input protein; FT denotes flow-through protein not bound to DNA-cellulose. the control uncoupled resin. BR1 appeared to have a higher affinity for ssDNA-cellulose than for dsDNA-cellulose, eluting from the ssDNA resin at 1 M KCI, whereas it began to elute from the dsDNA resin at 400 mM KCI. As BR1 is a very basic protein (pi of 10.8), it was possible that these interactions with DNA were solely due to its charge. To eliminate this possibility, we tested the binding properties of a truncation of BR1, BR1A192-256 w hich lacks the C-terminal 64 amino acids of the 256-amino acid BR1 protein but deletes only five of the 40 basic residues. BR1 A192 -256 did not bind to either ssDNA-or dsDNA-cellulose resin (Figure 1 and data not shown), thus indicating that specificity in the interaction of BR1 with DNA is not simply due to the overall basic charge of the protein.
In contrast to the apparently tight binding of BR1, BL1 bound only weakly to ssDNA-cellulose, eluting at lower salt concentrations than did BR1, and did not bind at all to the dsDNAcellulose (Figure 1 ). Although a small amount of BL1 also bound the control resin, it did not elute in a salt-dependent manner. Unlike BR1, which bound to the DNA-cellulose resin at room temperature (25°C), BL1 required incubation at 4°C for binding. This may have been due to either an inherent instability in BL1 protein structure or an unstable prolein-DNA complex at higher temperatures. To confirm the specificity of this protein-DNA interaction, we tested a deletion of the C-terminal 101 amino acids of the 293-amino acid BL1, BLI^1 92 -293 , which has approximately the same charge density as full-length BL1. This deletion mutant was unable to bind to the ssDNA-cellulose resin ( Figure 1 ). As an additional control for both BR1 and BL1, we have performed the same DNA-cellulose binding assays using full-length native BR1 and BL1 (Pascal et al., 1993) produced in recombinant baculovirus-infected Spodoptera frugiperda (Sf9) cells and obtained the identical results (data not shown).
We used a protein blot binding assay (Sukegawa and Blobel, 1993) to further define the nucleic acid binding specificity of BR1 and BL1. Proteins extracted from Escherichia coli expressing either BR1 or BL1 were separated by SDS-PAGE and transferred to nitrocellulose. Following a renaturation step, these membranes were incubated with radiolabeled RNA, ssDNA, or dsDNA probes derived from SqLCV genomic sequences. The membranes were then washed with buffers containing 250, 400, or 600 mM KCI and exposed to film. As shown in Figure 2 , BR1 bound to all three nucleic acid probes at 250 mM salt. However, at higher salt concentrations, BR1 no longer bound the dsDNA probe but did remain bound to both the ssDNA and RNA probes (Figure 2 , compare lane 13 to lanes 8 and 18). Whereas little apparent decrease in the interactions of BR1 with RNA and ssDNA was detected at 400 mM KCI, at 600 mM salt the binding of BR1 to these probes was much reduced (Figure 2 , compare lanes 8 and 9 to lanes 18 and 19). Under these same salt conditions, BL1 did not bind to any of the probes (Figure 2 , lanes 6,11, and 16). As a control for nonspecific binding of the probes due to large amounts and/or the basic nature of protein on the blots, we included BSA and lysozyme on each blot. Neither of these proteins bound to any of the nucleic acid probes tested under our assay Whole cell extracts of E. coli expressing BL1 (lanes 3, 6, 11, and 16) or BR1 (lanes 4, 7 to 9,12 to 14, and 17 to 19) were separated by SDS-PAGE and visualized by Coomassie blue staining (lanes 1 to 4) or transferred to nitrocellulose. Nitrocellulose-bound proteins were incubated in renaturing buffer and probed with 32 P-labeled ssDNA (lanes 5 to 9), dsDNA (lanes 10 to 14), or RNA (lanes 15 to 19). Following washes in buffer containing concentrations of KCI as indicated above each panel (0.25, 0.4, or 0.6 M), those proteins binding nucleic acids were visualized by autoradiography. Lane 1 contains prestained protein molecular mass markers with sizes indicated in kilodaltons at the left. Lanes 2,5,10, and 15 contain BSA and lysozyme (1 ng each) as controls for nonspecific binding. Filled-in upper arrows indicate the position of £ co//-expressed BR1; the lower thin arrow marks the position of BL1. conditions ( Figure 2 , lanes 2,5,10, and 15). The results of this protein blot binding assay are consistent with our DNA-cellulose binding assays, demonstrating that BR1 interacts with both double-and single-stranded nucleic acids, having a higher affinity for the latter.
We further investigated the specificity of BR1 binding using a gel shift assay. Nuclear extracts containing BR1 expressed in recombinant baculovirus-infected Sf9 cells produced a characteristic band shift when incubated with a ssDNA probe, as shown in Figure 3 . That BR1 was the binding protein was inferred from our finding that this band shift was not observed with nuclear extracts from uninfected or BL1 recombinant virus-infected Sf9 cells, both of which produced a diffuse shift, suggesting unstable interactions of an endogenous insect cell protein(s) with the DNA probe ( Figure 3A ). More direct evidence for the identity of the band shift was obtained by the addition of antibodies to the binding reactions. Whereas preimmune sera had no effect, anti-BR1 antibodies inhibited the BR1 gel shift, thus demonstrating that BR1 was responsible for the binding of the DNA probe (data not shown).
Using this gel shift assay, we were able to demonstrate a difference in the affinity of BR1 for ssDNA and RNA by a competition assay ( Figure 3B ). The addition of unlabeled ssDNA efficiently competed the formation of BR1-ssDNA complexes, with 15 ng disrupting a significant fraction of the BRI-labeled ssDNA complexes and 45 ng eliminating most of these complexes. In contrast, much higher amounts of RNA were required to disrupt the BR1-ssDNA complexes, with no competition for BR1 being detected with 15 ng of RNA, and even 500 ng of RNA not fully disrupting the complexes to yield significant amounts of the free labeled ssDNA probe. These differences in the competitive ability of ssDNA and RNA were observed both when the competitor nucleic acids were preincubated with BR1-containing extracts before adding the labeled ssDNA, or when BR1 and labeled ssDNA were preincubated and subsequently challenged by the addition of the unlabeled competing nucleic acids. These results demonstrate that BR1 has a higher affinity for ssDNA than it does for RNA.
To investigate the potential sequence specificity of the BR1-ssDNA interaction, we tested a number of different SqLCV genomic fragments in both the protein blot and gel shift DNA binding assays. In particular, sequences from the entire SqLCV B E component were tested as overlapping restriction fragments, including coding and noncoding regions labeled to detect binding to either viral DNA strand. However, we did not detect any differences in affinity of BR1 for these different viral ssDNA probes. We further investigated the potential sequence specificity of binding using BR1 purified to near homogeneity from insect cells by cation exchange chromatography. Although we again did not detect sequence-specific binding with this purified BR1, as shown in Figure 4 (lanes 4 and 6), we did observe the formation of multiple complexes with certain specific ssDNA probes thai contained the virion strand of the viral common region, the ~200-nucleotide intergenie region that is identical in sequence in the viral A and B components and contains the viral replication origin (Lazarowitz, 1992; Lazarowitz et al., 1992) . These multiple complexes were not disrupted when competed with RNA ( Figure  4 ). They were competed by ssDNA and dsDNA (Figure 4 ), although titrations showed that approximately five-to 10-fold higher amounts of dsDNA than ssDNA were required to fully compete with BR1-ssDNA complex formation in this assay (data not shown). Whether these higher molecular weight complexes represent protein interactions at multiple sites on the specific ssDNAs or BR1 protein-protein interactions is not clear at present.
Subcellular Localization of BR1
Given the ssDNA genome of SqLCV, we have hypothesized that at least one viral MP accesses the nucleus, the site of viral DNA replication. Subcellular fractionation of plant cells has localized BL1 to the cell wall and plasma membrane and BR1 to a distinct membrane-containing fraction (Pascal et al., 1993) . These data, together with the nucleic acid binding properties of BR1, suggested that it might be the MP that functions in nuclear transport. To further investigate the potential role of BR1 in nuclear transport of the viral genome, we more precisely localized BR1 in infected plant cells and recombinant baculovirus-infected Sf9 cells through immunolocalization studies.
Immunogold labeling of thin sections from SqLCV systemically infected pumpkin leaves clearly localized BR1 to the nuclei of specific cells within the vascular system, as shown in Figure 5 . Anti-BR1 antisera specifically labeled nuclei of phloem parenchyma cells. From 40 to 200 gold particles were clearly visible over the nuclei in different thin sections ( Figure 5B ). Labeling was more concentrated over the nucleoli, but also evident in the nucleoplasm of these cells. A small number of gold particles were also seen in the cytoplasm. Labeling of serial sections of the same cells with preimmune antibodies showed no gold particles, either in the nucleus or other parts of the cell ( Figure 5A ), nor was labeling observed when leaf sections from uninfected plants were incubated with anti-BR1 antibodies (data not shown). Vascular bundles of the primary veins (branches from the midvein) were examined. We also looked at secondary veins and extrafascicular phloem in primary veins. Phloem parenchyma in all of these was labeled for BR1. The labeling of phloem parenchyma cells by BR1 was not a rare event. The majority of parenchyma cells in phloem were clearly and specifically labeled over their nuclei. No labeling of mesophyll cells was observed. This phloem localization of BR1 was not unexpected based on the reported phloem restriction of geminivirus infections (Goodman, 1981) .
Given the conservation in evolution of nuclear localization signals (Raikhel, 1992) , we investigated whether BR1 also localized to the nuclei in Sf9 cells infected with a BR1-expressing recombinant baculovirus. In particular, this system would provide a powerful approach for analyzing the cellular localization and potential protein interactions of BR1 mutant proteins known to alter viral infectivity or host specificity. Furthermore, our previous studies suggest that BR1 and BL1 are correctly modified in this system (Pascal et al., 1993) . BR1 expressed in recombinant baculovirus-infected Sf9 cells fractionated with the nuclear pellet and could be partially released in high salt buffers (data not shown). To more precisely localize BR1, we used confocal microscopy and indirect immunofluorescent staining of fixed Sf9 cells with rabbit polyclonal anti-BRl antibodies followed by rhodamine-conjugated anti-rabbit secondary antibodies. As shown in Figure 6D , BR1 localized to the nuclei of BR1-expressing Sf9 cells. This nuclear localization of BR1 was confirmed by demonstrating its precise colocalization with the DMA stain chromomycin A (data not shown). No staining of BR1-expressing Sf9 cells was detected using preimmune sera ( Figure 6C ), nor were uninfected Sf9 cells stained with anti-BR1 antibodies and the rhodamine-conjugated secondary antibodies (data not shown).
Using anti-BLl antibodies, we found BL1 to specifically localize to the plasma membrane of BL1-expressing Sf9 cells ( Figure  6B ). No staining was detected with preimmune antibodies (Figure 6A) or when uninfected Sf9 cells were incubated with Fixed cells were incubated with (A) and (C) preimmune sera, (B) antiBLl immune sera, or (D)anti-BR1 immune sera, followed by rhodamineconjugated goat anti-rabbit secondary antibody IgG, and visualized using a dual-beam Bio-Rad laser confocal microscope. Bar = 10 ^im.
anti-BL1 antibodies and the secondary rhodamine conjugate (data not shown). This plasma membrane localization of BL1 is consistent with biochemical fractionation data for BL1 transgenic and SqLCV-infected plant tissue showing partitioning of BL1 with the plasma membrane in a PEG-dextran phase separation (Pascal et al., 1993) . Whereas many membrane proteins appear to follow a default pathway to the plasma membrane when expressed in Sf9 cells (Bustos et al., 1988) , these results do indicate that BL1 is processed as a membrane protein and has the properties of an integral or peripheral membrane protein. Thus, it appears that for both BL1 and BR1, the Sf9 cells are a useful expression system for protein localization assays, as well as a source of protein for biochemical assays.
Post-Translational Modifications of BL1 and BR1
The strong correlation between the cellular localizations of the MPs in the insect cells and in SqLCV-infected plant tissue suggested that many of the features that dictate the properties of BR1 and BL1 are conserved in eukaryotic cells. Furthermore, the migration properties in SDS-PAGE of BR1 and BL1 expressed in Sf9 cells and plant cells suggest that the same modifications occur in each (Pascal et al., 1993) . We therefore investigated potential post-translational modifications of BR1 and BL1 using the Sf9 expression system. Both SqLCV MPs have consensus glycosylation and phosphorylation sites in their conceptual amino acid sequences, modifications of potential relevance for membrane proteins and/or nucleic acid binding proteins. In particular, the heterogeneous migration of BL1 in SDS-PAGE at higher than expected molecular weights suggests that at least this protein is post-translationally modified (Pascal et al., 1993; von Arnim et al., 1993) . To address these possibilities, we labeled Sf9 cells expressing BL1 or BR1 with either ^P-orthophosphate, 3 H-fucose, or 3 H-glucosamine. Based on immunoblots and autoradiography of whole cell extracts, no labeling of either BL1 or BR1 was detected in cells labeled with the two sugars, nor did tunicamycin alter the mobility of either protein in SDS-PAGE (data not shown). However, both BL1 and BR1 were found to be phosphorylated, as shown in Figure 7 . In total cell extracts separated by SDS-PAGE, a phosphorylated protein at ~30 kD was detected in both BL1-and BR1-expressing Sf9 cells that was not present in the control uninfected cells ( Figure 7A ). Each of these 32 P-labeled bands precisely comigrated with BL1 and BR1, respectively, on protein immunoblots probed with anti-BL1 or anti-BR1 antisera (data not shown). To confirm the identity of these phosphoproteins as BL1 and BR1, each was immunoprecipitated from solubilized Sf9 cell extracts derived from a crude nuclear fraction that also contained large membrane fragments and insoluble proteins (the solubility properties of BL1 during preparation of extracts accounted for its presence in this fraction). In extracts from BL1-expressing cells, the anti-BL1 antibodies specifically immunoprecipitated the ~30 kD phosphoprotein from the high salt crude nuclear extract ( Figure 7B , 1 and 3) , or anti-BR1 sera (lanes 2 and 5) followed by protein A-Sepharose. Proteins were separated by SDS-PAGE and visualized by autoradiography. lane 3). No ^P-labeled protein was immunoprecipitated from these extracts by preimmune sera ( Figure 7B, lane 4) or by anti-BR1 antisera (data not shown). Similarly, in extracts from BR1-expressing cells, anti-BR1 antibodies, but not the preimmune sera or anti-BL1 antisera, specifically immunoprecipitated the ~30 kD phosphoprotein from the high salt nuclear extract ( Figure 7B , lanes 5 and 6, respectively; and data not shown). Neither specific immune sera precipitated any proteins from the mock-infected Sf9 cell extract ( Figure 7B, lanes 1 and 2) . Thus, both BL1 and BR1 appear to be phosphoproteins.
DISCUSSION
Although the mechanisms by which MPs facilitate viral movement through the host plant have not yet been defined, it is intriguing that some viruses such as the bipartite geminivirus SqLCV require two MPs, whereas other plant viruses such as TMV and cauliflower mosaic virus have only a single MP. This poses the question of whether MP functions have been divided between two proteins in bipartite geminiviruses or whether additional functions are needed for geminivirus movement and fulfilled by a second MP. Our studies reported here suggest that the partitioning of MP functions to two separate proteins reflects a requirement for two types of movement for a DNA virus such as SqLCV, namely transport of the DNA genome into and out of the nucleus for replication and the movement of the genome across cell boundaries for the local and systemic spread of the virus through the plant.
Our results indicated that BR1 is likely to be the MP involved in nuclear transport of the viral genome. In the context of viral movement, we suggest that BR1 may be a nuclear shuttling protein, several of which have been identified in eukaryotic cells (reviewed in Laskey and Dingwall, 1993) . BR1 exhibits strong affinity for single-stranded nucleic acids, binding more avidly to ssDNA than to RNA. Notably, under conditions where BR1 forms gel-shifted complexes with ssDNA, it does not complex with dsDNA. BR1 also specifically localizes to the nucleus of phloem parenchyma cells in infected plants, as well as the nuclei of Sf9 cells in our baculovirus expression system. Whereas some small molecules and proteins can diffuse into the nucleus, nuclear uptake of karyophilic proteins is often an active process specified by short nuclear localization signals (NLSs) within the protein (Forbes, 1992) . BR1, in addition to being a very basic protein, contains two potential NLSs centered around amino acids 37 and 95, the former fitting the consensus of a bipartite NLS. The ability of these sequences to specify nuclear localization is currently being assessed in our baculovirus expression system. Recent findings indicate that mutations in either potential NLS severely impair or eliminate viral infectivity (D.J. Ingham and S.G. Lazarowitz, unpublished results). The potential nuclear localization and basic domains of BR1 may allow this protein to bind the SqLCV ssDNA genome and import it into the nucleus for replication. This scenario is similar to that of Agrobacterium, where the VirD and VirE proteins, both containing NLSs, are thought to direct the transport of the infectious single-stranded T-DNA to the nucleus of the infected plant cell (Citovsky et al., 19925) .
Of particular interest for viral movement is the potential function of BR1 in export of the viral ssDNA genome from the nucleus to the cell periphery. Many animal DNA viruses are released upon cell lysis and thus do not require an active mechanism to export progeny genomes from the cell (Batterson et al., 1983; Greber et al., 1993) . More relevant here are influenza viruses, retroviruses, and hepadnaviruses that do require export of the viral genome from the nucleus. Studies of the influenza viruses suggest that the viral matrix protein M1 interacts with replicated viral ribonucleoprotein particles (RNPs) in the nucleus to facilitate their transport to the cytoplasm for assembly into progeny virions (Martin and Helenius, 1991) . Recent studies lead to the conclusion that nuclear export involves specific domains for nuclear retention rather than specific export signals (Schmidt-Zachmann et al., 1993) . Thus, as suggested for M1 protein-RNP interactions (Martin and Helenius, 1991) , BR1 may interact with replicated SqLCV ssDNA to mask retention sites in replication complexes and permit export of the viral genome. With the capsid protein being completely dispensable for SqLCV infection of cucurbits (A.A. Sanderfoot and S.G. Lazarowitz, unpublished results), a BR1-viral ssDNA complex may be the form that moves systemically in the plant and initiates infections at distant sites in the phloem.
In contrast to BR1, BL1 exhibits only very weak affinity for ssDNA and no apparent ability to bind dsDNA, implying that BLl alone cannot interact directly with the viral genome to facilitate viral movement. Thus, whereas some properties of BL1, namely its cell wall and plasma membrane localization, basic charge, and phosphorylation, resemble those of the single MP encoded byTMV (Deom et ai., 1990; Atkins et al., 1991; Moore et al., 1992; Watanabe et al., 1992) and red clover necrotic mosaic virus (RCNMV) (Osman and Buck, 1991) , BL1 is quite distinct in its inability to bind nucleic acids. Recently, based on microinjection of individual mesophyll cells, Noueiry et al. (1994) have concluded that an E. coli-synthesized BL1 fusion protein can increase the size exclusion limits of plasmodesmata and facilitate the transport of dsDNA. Based on our biochemical studies, and contrary to the suggestion of Noueiry et al. (1994) , we suggest that BL1 cannot do this by directly binding to nucleic acids, but requires additional interactions with other SqLCV proteins or endogenous plant proteins to participate in the cell-to-cell transport of the viral genome. The studies of Noueiry et al. (1994) do not exclude a passive role for BL1 in facilitating dsDNA movement under their experimental conditions, and these researchers did not test for movement of a BR1-ssDNA complex in the presence of BL1. Further studies are needed to define both the nature of the relevant protein and nucleic acid interactions and the form in which viral DNA is transported.
An unresolved issue for both MPs is the specificity of interactions between the proteins and the viral genome. We find that BR1 has a higher affinity for ssDNA than for RNA or dsDNA. We did not detect clear sequence-specific binding of BR1 to ssDNA using SqLCV fragments from the viral BE component, although purified BR1 formed multiple complexes in gel shift assays with ssDNA probes that included the viral common region. Thus, like severa1 other ssDNA binding proteins, such as the phage T4 gene 32 protein (Jensen et ai., 1976) and a chicken hepatocyte estradiol-responsive protein (Feavers et al., 1989) , BR1 can interact with both ssDNA and RNA, although it binds more tightly to the former. The TMV and RCNMV MPs interact in a sequence-nonspecific manner with both RNA and ssDNA (Citovsky et al., 1990 (Citovsky et al., , 1992a Osman et al., 1992) , and no difference in affinity for these has been shown in vitro. However, in plant injection studies the RCNMV MP has been reported to facilitate the movement of only RNA and not ssDNA (Fujiwara et al., 1993) . Nucleic acid and sequence specificity may be conferred through MP interactions with other viral or host proteins.
Our evidence suggests that the two MPs BL1 and BR1 act coordinately to facilitate viral movement. Preliminary results demonstrate that BR1 relocalizes from the nucleus to the plasma membrane in Sf9 cells coexpressing BL1 (A.A. Sanderfoot and S.G. Lazarowitz, unpublished results) . This indicates that BR1 has the properties expected for an MP that shuttles the viral genomes from the nucleus to the cell periphery, and suggests that BR1 either directly interacts with BL1 or has an intrinsic affinityfor membranes when released from the nucleus. Our immunogold localization of BR1 in plant cells did not clearly demonstrate a cytoplasmic or membrane localization of BR1 in infected plant cells, although low numbers of particles were seen in the cytoplasm and near the plasma membranes of phloem parenchyma cells. Transient relocalization or a small subpopulation of BR1 localized outside the nucleus may have been missed by this technique. Most shuttling proteins at equilibrium are predominantly nuclear, having small cytoplasmic pools that are not detected by conventional fractionation or immunological techniques (Borer et al., 1989; Laskey and Dingwall, 1993; Schmidt-Zachmann et al., 1993) . This is clearly consistent with our results for BR1 in both infected plant and Sf9 insect cells. Resolution of this problem awaits more sensitive detection assays and direct assays for viral movement designed to trap the MPs in the act of transporting the viral genome. Noueiry et al. (1994) microinjected single mesophyll cells with E. colifusion proteins to study the function of BR1 of BDMV and have postulated a similar model for BR1 function. However, of concern is their inability to detect localization of BR1 to the nuclei of mesophyll cells. This is in striking contrast to our nuclear localization of BR1 in both infected plant and insect cells and suggests problems with the microinjection approach as a result of the methods used to obtain soluble protein for microinjection and/or the amounts of protein and site of injection. Given our current results, we favor a model in which BR1 shuttles the viral ssDNA into and out of the nucleus, targeting replicated genomes to the cell plasma membrane and wall where BL1 acts to facilitate genome movement to neighboring cells, perhaps by acting at the plasmodesmata as reported for the TMV MP (Deom et al., 1990; Ding et al., 1992) and inferred for RCNMV (Fujiwara et ai., 1993) and BDMV (Noueiry et al., 1994) MPs. Our current immunolocalization studies of BL1 should provide the biological context for further defining its function.
The localization of SqLCV BR1 exclusively to phloem cells parallels the tissue restriction reported for the majority of geminiviruses and argues for the utility of SqLCV movement in probing the requirements for transport in vascular tissue. What has become increasingly clear, as typified by studies of sucrose transport, is that the details of intercellular movement differ between different cell types and different plant species (Leisner and Turgeon, 1993) . SqLCV infects a variety of plants, primarily cucurbits but also Nicofiana benfhamiana (tobacco) and bean (Lazarowitz and Lazdins, 1991) , and it is of interest whether the differences in vascular structure among these plants ( Leisner and Turgeon, 1993) affect the cell type-specific localization of BR1 and BL1 or the requirements for viral transport. Indeed, mutations in both BR1 and BL1 can distinguish between viral hosts, with cucurbits being more permissive for movement than N. benfhamiana (Ingham and Lazarowitz, 1993; D.J. Ingham, E. Pascal, and S.G. Lazarowitz, unpublished results) . lnvestigations of the role of SqLCV MPs in intercellular and systemic movement in these different hosts should provide information on the physical and signal transduction pathways involved in these important processes.
METHODS Expression Vectors
Bacterial pET3 clones expressing BR1 and BL1, and pGBLl, a pGEM7Zf(-) clone expressing BL1, have been described previously (Pascal et al., 1993) . To construct pGBRl expressing BR1, a Bglll fragment from pSQBRlE (Pascal et al., 1993) containing nucleotides 632 to 1669 of the squash leaf curl virus (SqLCV) BE component was cloned into the BamHl site of pGEM7Zf(-) (Promega). 60th BL1 and BR1 were transcribed from the SP6 promoter.
The baculovirus expression vectors for BL1 and BR1 have been described previously (Pascal et al., 1993) . Recombinant Autographica californica nuclear polyhedrosis virus (AcMNPV) expressing each SqLCV protein was generated by cotransfection of Spodoptera frugiperda (Sf9) lepidopteran cells with the appropriate pVL1393 recombinant clone and Baculogold baculovirus DNA (PharMingen, San Diego, CA) and amplified and plaque purified as described by Summers and Smith (1987) . Expression of each protein was determined both by Coomassie Brilliant Blue R 250 staining of cell extracts analyzed on polyacrylamide gels and protein immunoblots using appropriate antisera as previously described (Pascal et al., 1993) .
Antisera
The generation of polyclonal rabbit antibodies against BR1 and BL1 expressed in Escherichia coli has been described previously (Pascal et al., 1993) .
Protein Expression and Cell Extracts
35S-methionine-labeled BR1 and BL1 were produced using a reticulocyte in vitro transcription/translation system (Promega) according to manufacturer's instructions. Proteins were stored in the presence of 10% (vhr) glycerol at -20%. In vitro-synthesized BLlA192-293 was produced from pGBLl truncated by digestion at the Xbal site within the BL1 coding region. BRlA192-258 was made from pGBR1 digested at the Ncol site within the BR1 coding region.
To obtain E. coli-expressed BR1 and BL1 for protein blot binding assays, BL21 (DE3) pLysS cultures carrying the appropriate pET3 clones were grown at 37% and induced with 0.4 mM isopropyl P-D-thiogalactopyranoside (Bethesda Research Laboratories) for 3 to 5 hr. Cell pellets were washed and resuspended in 1 mL of HEMG (Pascal et al., 1993) containing 1 mM DTT and 1 mM phenylmethylsulfonyl fluoride (PMSF) and, following sonication on ice for 50 sec, were centrifuged at 10,OOOg for 5 min at 4%. The pellet was resuspended in 1 mL of SDS sample buffer (60 mM Tris-HCI, pH 6.8, 2% SDS, 10°/o glycerol, 5% p-mercaptoethanol, 0.003% bromophenol blue), and proteins were resolved on SDScontaining 12.5% polyacrylamide discontinuous buffer gels (SDS-PAGE) (Laemmli, 1970) .
To prepare extracts containing baculovirus-expressed BR1 or BL1, Sf9 cells were infected with recombinant AcMNW stocks as described by Summers and Smith (1987) and harvested at 36 to 72 hr postinfection. Cells (-6 x 106) were washed in PBS, resuspended in 3 mL of buffer C (10 mM Tris-HCI, pH 6.8, 10 mM NaCI, 1.5 mM MgClp, and 1 mM PMSF), and lysed by addition of Nonidet P-40 to 0.05% (v/v) for 2 min at 25%. The soluble "cytoplasmic extract" and crude nuclear pellet were separated by centrifugation at 9009 for 5 min at 4%. The nuclear pellet was extracted by incubation in 6 mL of buffer N (20 mM Tris-HCI, pH 8.0, 137 mM NaCI, 1 mM CaCI2, 1 mM MgCI2, and 1 mM PMSF) containing 1% (vhr) Nonidet P-40 at 4% for 20 min, following which it was centrifuged at 9009 for 5 min at 4%. The supernatant from this spin ("nuclear extract") was used for gel shift assays. Protein concentrations were determined by the method of Bradford (1976) . For the experiment shown in Figure 4 , BR1 or control nuclear extract was applied to a HiTrap-SP cation exchange column (Pharmacia) in buffer N containing 1% Nonidet P-40. Fractions were eluted with buffer N containing 0.1% Nonidet P-40 and 1 mM DTT and steps of increasing NaCl concentrations at 250 mM, 600 mM, and 1 M salt. BR1 eluted almost exclusively in the 1 M NaCl fraction. The 1 M NaCl fractions obtained from both the BR1 and control extracts were dialyzed overnight at 4% against buffer N containing 0.1% Nonidet P-40,l mM DTT, and 10% glycerol before being used in binding assays.
DNA Cellulose Binding Assays
Native double-stranded DNA (dsDNA) or denatured single-stranded DNA (ssDNA) coupled to cellulose (Pharmacia) or uncoupled CC31 cellulose (Whatman) (100-pL suspensions) was washed four times with buffer Z (50 mM Tris-HCI, pH 8.0, 12.5 mM MgC12, 1 mM EDTA, 0.1% Nonidet P-40, 20% glycerol, 1 mM PMSF, 1 mM DTT) containing 50 mM KCI (2-50 buffer). 35s-methionine-labeled in vitro transcribed and translated protein (10 pL) in 300 pL of 2-50 buffer was added to the pelleted resin and incubated 20 min at 25% for BR1 and BRlA192-256 or 2 hr at 4% for BL1 and BL1A192-293. Protein bound to resin was pelleted by centrifugation at 16,OOOg for 5 to 10 sec and washed five times with 300 pL of 2-50 buffer. Bound protein was eluted from the resin by successive washes with 300 pL of 2 buffer containing 100 mM, 200 mM, 400 mM, and 1 M KCI. Washes and elutions were performed at the same temperature as the initial binding step. Following the 1 M KCI wash, residual bound protein was eluted by incubation in 300 pL of sample buffer at 100°C for 5 min. Fractions (20 pL) were analyzed by SDS-PAGE on 125% acrylamide gels, and gels were impregnated for fluorography (Laskey, 1980 ) before exposure to x-ray film to detect the 35S-labeled proteins.
Protein Blot Binding Assays These were essentially as described by Sukegawa and Blobel(1993) , except that the reaction buffer contained 250 mM KCI, and after incubation with 32P-labeled probes, blots were washed four times with reaction buffer containing 250,400, or 600 mM KCI. DNA probes shown in Figure 2 were derived from pGBLl (containing SqLCV BE nucleotides 2575 to 1442) cut with Hindlll and Xhol and labeled at their 5' ends with y3'P-ATP and polynucleotide kinase (Bethesda Research Laboratories). Other DNA probes used for this assay included fragments of SqLCV BE located between the following nucleotides: 2554 to 2229, 2554 to 270 (common region), 270 to 631, 814 to 1952, and 1952 to 814. Labeled DNA probes were isolated on 40/0 native acrylamide gels. For ssDNA probes, the labeled DNAwas denatured by heating to 100°C for 10 min followed by rapid cooling. RNA probes were transcribed from pGBLl in the T7 orientation (digested with Xhol) in the presence of a-3zP-CTP using the same procedures as for RNA transcription in the in vitro transcription/translation system.
Gel Shlft Assays
Nuclear extracts (0.6 pg of protein in 15 pL) from uninfected Sf9 cells or Sf9 cells expressing BR1 or BL1 were incubated with ssDNA probes (-0.25 ng) in 10 pL of buffer Z containing 425 mM KCI for 20 min at 25OC (final incubation volume 25 pL containing 250 mM salt). Protein-DNA complexes were loaded onto 4% native acrylamide gels in 0.5 x TBE (1 x TBE is 89 mM Tris base, 89 mM boric acid, 2 mM EDTA) and resolved at 10 V/cm for 2 to 3 hr. Gels were dried and exposed to film overnight. The DNA probe shown in Figure 3A contained SqLCV BE nucleotides 2554 to 270 (the common region) labeled at the 3' end at nucleotide 270 (BssHII site) using a-3zP-dCTP, the remaining three unlabeled nucleotides, and the Klenow fragment of DNA polymerase I (Boehringer Mannheim). Other probes also used in this assay encompassed the following SqLCV BE nucleotides: 2554 to 2229,270 to 631,2554 to 270, and 50 to 270. Fragments were separately labeled at either 3' end to obtain strand-specific probes, and probes of both strand specificities were tested. For competition assays, BR1 and labeled ssDNA probe (EE nucleotides 270 to 631) were mixed as given above. Following 5 min of incubation, unlabeled competitor nucleic acids were added, and the reactions were incubated for an additional 15 min and then loaded onto native acrylamide gels as described above. Calf thymus DNA (Sigma) was sheared by sonication to -1 kb in length and denatured by heating to 100°C for 10 min, followed by rapid cooling on ice. Calf thymus RNA was obtained from Sigma. For gel shift assays of purified BR1, -2.5 ng of protein was incubated with -0.25 ng of DNA probes (molar ratio protein: DNA of -3O:l) as described above.
lmmunolocalizatlon Assays
For electron microscopy and immunogold localization of BR1, tissue sections (1 mm) from SqLCV-infected pumpkin leaves (10 days postinfection) were fixed in 05% glutaraldehyde and 4% paraformaldehyde (Electron Microscopy Sciences, Ft. Washington, PA) in 50 mM Pipes, pH 7.2,2 mM CaCI, for 2 hr at 25% followed by three 30-min washes in 50 mM Pipes, pH 7.2, 2 mM CaCI2 at 4%. Ali subsequent steps were performed at 4%. Sections were dehydrated in a series of 30-min ethanol washes (30, 50, 70 , and 95%), followed by four washes in 100% ethanol. Tissue was then successively incubated in solutions of ethano1 and London Resin (LR) white (Electron Microscopy Sciences) at ratios of 3:l for 1 hr, 1:l for 1 hr, and 1:3 for 3 hr; followed by incubations for 12 and 24 hr each in 100% LR white. Tissue was placed in fresh LR white and embedded in gelatin capsules (Electron Microscopy Sciences) at 52% for 24 hr. Thin sections (-0.1 pm) were cut on an LKB Ultramicrotome (Pharmacia) using a diamond knife. Immunogold labeling using preimmune or rabbit polyclonal anti-BRl antisera (Pascal et al., 1993) and protein A coupled to 10-nm gold particles (Electron Microscopy Sciences) was done essentially as described by Hall and Hawes (1991) , except that lead citrate was omitted from the staining procedure.
BR1 or BL1 was detected by indirect immunofluorescent staining of Sf9 cells using our specific rabbit polyclonal antisera and rhodamineconjugated goat anti-rabbit IgG (Jackson Laboratories, Bar Harbor, ME). Cells (1.5 x 105) were seeded in 10-mm chamber slides (Nunc, Naperville, IL) and inoculated with ~4 0 plaque forming units per cell of the appropriate recombinant AcMNPV stock. At -72 hr postinfection, cells were washed three times in PBS and fixed by immersion in 95% ethanol at -2OOC for 5 min. Fixed cells were stained essentially as described by Lazarowitz (1982) . Samples were mounted in PBS containing 50% glycerol and visualized using a Bio-Rad 600 Krypton/Argon Dual Laser confocal system attached to an Optiphot microscope (Nikon) at a final magnification of x1000. For colocalizations, nuclei were stained by incubation in 56 pM chromomycin A (Sigma) for 5 min, and the rhodamine and fluoroscein images were superimposed (Leemann and Ruch, 1982) .
Phosphate Labellng and lmmunoprecipitation of BRI and BLI Sf9 cells at -80% confluency were infected with recombinant AcMNPV expressing either BR1 or BL1 as described previously (Summers and Smith, 1987) and labeled for 4 hr at -44 hr postinfection with 100 pCilmL 32P-orthophosphate (DuPont-New England Nuclear) in TMN-FH media (Summers and Smith, 1987) lacking phosphate. Labeled BR1-or BL1-expressing cells (-6 x 106) were harvested by pelleting at 5009 for 5 min at 4% and washed three times with PBS at 4%. One-tenth of each sample was set aside ("whole cell extract"), and the remaining cells were fractionated into cytoplasmic and nuclear extracts as described above, except that the crude nuclear pellet was extracted in N buffer containing 500 mM rather than 137 mM NaCI. To analyze total 32P-labeled proteins, pelleted intact cells were resuspended in SDS sample buffer and resolved by SDS-PAGE on 12.5% acrylamide gels.
lmmune precipitations were done essentially as described previously (Lazarowitz, 1982) . In brief, 100,000 cpm of each extract (50 pL) was incubated with 10 pL of appropriate antisera (preimmune, anti-BR1, or anti-611) for 30 min at 25%, followed by the addition of 50 pL of a 50% suspension of protein A-Sepharose (Pharmacia) and further incubation for 20 min. Precipitates were pelleted at 10,OOOg for 1 min at 4%. washed three times, and analyzed by SDS-PAGE as previously described (Lazarowitz, 1982) .
